Heat evolution during the growth of Escherichia coli in a stationary culture on bouillon mediumwas continuously monitored with a conduction-type batch calorimeter at different pHs and temperatures. The growth thermograms were found to be reproducible within percent errors of +2.1%, ±0.8% and ± 1.5% for the peak time ofa thermogram, the peak height and the total heat evolution, respectively. The meanheat evolution for the formation of a unit E. coli cell was co= (1.69±0.08) x 10~8Jceir1 at pH 6.2 and 37°C. The mean heat evolution rate per unit cell during growth was g^^pwcell"1, which was consistent with values calculated for other microbial cells.
One possible application of calorimetry to cellular system is the observation of heat evolution during microbial growth followed by its analysis to obtain quantitative information of the growth behavior of the bacterial cells.
Different methods for such an application1~5) and different calorimeter designs appropriate for quantitative studies on microbial systems6~12) have been reported. Heat evolution observable with a batch calorimeter during the logarithmic phase of microbial growth can be expressed by a simple exponential function, 13) and through the use of this relationship, growth behavior can be characterized with kinetic parameters in a quantitative way.14~16) Growth thermograms can be simulated with a modification of Monod's growth equation, 17) and the kinetic parameters involved in the growth model used can be calculated by parameter-fitting based on direct searching combined with a Simplex method.18) All of our studies reported so far8'n'13~15) involved microbial cultures grown on media containing glucose as a single energy-limiting carbon source. However, in practice, many microbes are cultured on complex media like nutrient broth and peptone soup for both basic research and industrial use. Perhaps the same methodology can be used with sufficient precision when the microbes are cultured on complexmedia.
Here, Escherichia coli was cultured on bouillon mediumin a batch calorimeter and the growth thermograms*1 obtained at different pHs and temperatures were compared. We report here on the heat evolution and the kinetic parameters of growth.
* To whomcorrespondence should be sent. ** Weuse the term "growth thermogram" instead of "power-time curve," which was recommended by the Interunion Commission on Biothermodynamics.19) As described elsewhere, 15>17) the time integral of the apparent calorimeter signal is not a direct measure of heat evolution. Correction is needed in order to obtain the amountof heat evolved during a given incubation period. Therefore, we do not use the power unit, "/xW," as the unit of amplitude for the calorimeter output signals. The base lines of the thermograms are shifted by about IOjuV so that their differences can be easily seen. The calorimeter sensitivity determined on electrical heating under conditions was Ac = 36. 16/iW/SV'1. The instrumental time constant (the reciprocal of the heat leakage modulus) was t =7.91 min. The conversion parameter was j5=^cT=17.16mJ-^V-1.
MATERIALS AND METHODS
Microorganism and its culture. The bacterial strain used in this study was E. coli K-12 IFO 3301. It was maintained on nutrient agar slopes containing, in distilled water, 1 % meat extract, 1% peptone, 0.5% NaCl and 2% agar.
Subcultures were performed, after inoculation from agar slope into a test medium, with shaking for 20hr at 37°C. The cultures were then used to inoculate fresh test medium of the same composition, and the second subcultures were performed with shaking at 37°C for 24hr. The test medium had the following composition; 1 %meat extract, 1% peptone and 0.5% NaCl. The second subcultures were used as the inoculum for a preliminary stationary culture at 37°C. This culture was used for inoculation in the calorimetric measurements described below.
Calorimeter and its operation. A multiplex calorimeter with six calorimetric units developed in this laboratory1 1] wasused. The calorimetric vessel was a 20ml glass vial with a gas-tight screw stopper. First, 5ml of the test medium was put into the vessel, which was then sterilized in an autoclave. After the vessel had cooled down to room temperature, a small amount of either 0.1 n HC1or 0.1 n NaOHwas added to adjust the pH. The pH of the medium was measured, and then lOO^ul of the preliminary culture was inoculated into the autoclaved test mediumin the vessel. The bacterial population was determined as the viable count on a plate culture; it was (4.0+0.5) x 106 cells per milliliter of mediumat the start of incubation in the calorimetric vessels. Enoughoxygen was present in the headspace of the vessels, so growth was not limited by oxygen. The six calorimetric units thus prepared were placed in a calorimetric unit, and then the heat evolution associated with bacterial growth was monitered as the terminal voltage of thermopile plates, that were placed at the bottoms of the units. After appropriate amplification, the signals were recorded with a multi-pen recorder for 24 to 72hr. They were also converted to digital signals by means of a 12 bit A/D converter, which were then used for computer analysis.18) The temperature for the measurements was controlled as required with a circulating water bath. Further details of the structure and the operational modeof the calorimeter used were given elsewhere.11*
RESULTS AND DISCUSSION
To check the reproducibility, calorimetric recordings were made for six cultures under the same conditions.
In Fig. 1 Whenthe reproducibility was checked more quantitatively, the peak time of a thermogram (the incubation time at which the calorimetric signal reaches the maximumamplitude), the peak height and the thermogram area that corresponds to the total heat evolution were found to be reproducible within percent errors The heat evolution process j{i) was computed from the growth thermogramsobtained by the use of the previously reported f(t)=g(t)+K \g(t)dt (1) where g(i) is the apparent calorimeter output signal at time t, and K the heat leakage modulus (the heat conduction constant) of the calorimetric unit. The calibration value for this calorimetric unit including the culture medium, Ac, was determined by electrical heating, and the corresponding conversion parameter, / ?, for conversion of the amplitude of the calorimetric signal into the amount of heat evolved in a calorimetric unit was calculated with the relation, Ac =f$K. In Fig. 2 , the values off(t) calculated with the above relationship at appropriate times are plotted against the OD of the culture medium. The relationship was linear between these independent quantities on incubation for up to 15hr, after which the growth thermogramsreached a maximumat around 16hr and the logarithmic growth phase starts to cease. This obviously showed that the heat evolution reflected the increase in microbial cells in the culture vessels, at least in the earlier stages, i.e., incubation times of up to 15 hr, and that heat evolution can be used to analyze the growth behavior of the system. From the slope of the plot, the mean heat evolution for the formation of a unit cell was found to be co=(1.69±0.08)x 10"8J cell
Since, as will be described below, the mean doubling time (the mean generation time) of the living cells was /d=1.3hr, the mean heat evolution rate (the heat effect) per unit cell during growth was calculated to be q=co/td=3.6pw cell" Prat20) reported a value of2. From the area under the thermograms, the heat evolution per unit mediumexhausted was estimated to be a= 1850J (g bouillon)"
This value together with the value of co given (2) where No is the number of bacterial cells at the start of the incubation (the inoculum size), and A and B are constants. In Fig. 4 , the values of jii obtained are shownas a function of pH. The pH of the culture medium increases by a pH unit of 1 to 3 during growth, so \i was calculated only for f(f) for incubation times with which the pH change was within 0.5. Figure 4 shows that E. coli growth on bouillon medium is optimum in the pH range of 5.5 and 6.5.
At pHs below 5.5 or above 6.5, growth was strongly dependent on pH. The pH-profile observed here quite resembles that reported for E. coli growth on a tryptic digest of casein. 25) The growth activity was also studied with the same mediumin the calorimeter at various temperatures. Typical thermograms observed at different temperatures are shown in Fig. 5 . As expected, the incubation temperature had a marked effect, and no appreciable heat effect was observed at temperatures below 23°C. The growth rate constant, fi, was calculated for each thermogram by the method described above, and their temperature variations are The slope of the plot gave an apparent activation energy of £a=65.3kJmol~1 with a standard error of +7.1 kJmol"1.
shown in Fig. 6 in the form of an Arrhenius plot. The growth rate was strongly dependent on temperature and was maximum at about 37°C, being almost three times the rate at 26°C. The break of the plot found above 37°C is probably due to inactivation of enzymes or to structural alteration of cell membranes. From the slope of the plot at temperatures below 37°C, the apparent activation energy of growth was found to be isa=65.3+7.1kJ
mol"1, which is in good agreement with the value reported in the literature.26* The apparent activation energies of growth were reported to be 36~40kJ mol"l for Pseudomonas species,26) 56.3kJmol"1 for S. cerevisiae1â nd 42.6kJ mol"1 for Aspergillus oryzae. 21) These values are all lower than that found in this experiment. It is generally thought that the growth of E. coli cell is more sensitive to temperature than that of other microbial species. The temperature sensitivity of microbes is certainly best described in kinetic terms such as the activation energy, and the accumulation of such date will be useful for understanding the growth behavior of various microbes more quantitatively.
